In plants, chloroplast division FtsZ proteins have diverged into two families, FtsZ1 and FtsZ2. FtsZ1 is more divergent from its bacterial counterparts and lacks a C-terminal motif conserved in most other FtsZs. To begin investigating FtsZ1 structure-function relationships, we first identified a T-DNA insertion mutation in the single FtsZ1 gene in Arabidopsis thaliana, AtFtsZ1-1. Homozygotes null for FtsZ1, though impaired in chloroplast division, could be isolated and set seed normally, indicating that FtsZ1 is not essential for viability. We then mapped five additional atftsZ1-1 alleles onto an FtsZ1 structural model and characterized chloroplast morphologies, FtsZ protein levels and FtsZ filament morphologies in young and mature leaves of the corresponding mutants. atftsZ1-1(G267R), atftsZ1-1(R298Q) and atftsZ1-1(D404-433) exhibit reduced FtsZ1 accumulation but wild-type FtsZ2 levels. The semi-dominant atftsZ1-1(G267R) mutation caused the most severe phenotype, altering a conserved residue in the predicted T7 loop. atftsZ1-1(G267R) protein accumulates normally in young leaves but is not detected in rings or filaments. atftsZ1-1(R298Q) has midplastid FtsZ1-containing rings in young leaves, indicating that R298 is not critical for ring formation or positioning despite its conservation. atftsZ1-1(D159N) and atftsZ1-1(G366A) both have overly long, sometimes spiral-like FtsZ filaments, suggesting that FtsZ dynamics are altered in these mutants. However, atftsZ1-1(D159N) exhibits loss of proper midplastid FtsZ positioning while atftsZ1-1(G366A) does not. Finally, truncation of the FtsZ1 C-terminus in atftsZ1-1(D404-433) impairs chloroplast division somewhat but does not prevent midplastid Z ring formation. These alleles will facilitate understanding of how the in vitro biochemical properties of FtsZ1 are related to its in vivo function.
Introduction
Plastids arose from an ancestral cyanobacterial endosymbiont and have retained a division apparatus reminiscent of that in cyanobacterial cell division (Osteryoung and Vierling 1995 , Osteryoung et al. 1998 , Colletti et al. 2000 , Itoh et al. 2001 , Maple et al. 2002 , Vitha et al. 2003 , Maple et al. 2004 , reviewed in Osteryoung and Nunnari 2003 . Plastid division requires assembly of FtsZ1 and FtsZ2, plant-specific homologs of the tubulinlike bacterial cytoskeletal protein FtsZ (Osteryoung et al. 1998) , into a ring (the Z ring) at the midplastid division site (Vitha et al. 2001) . The Z ring is localized to the midplastid through the activity of the FtsZ-positioning proteins MinD and MinE (Colletti et al. 2000 , Itoh et al. 2001 , Maple et al. 2002 and is thought to be stabilized by the J-domain-like protein ARC6 (Vitha et al. 2003) . Midplastid positioning of the Z ring presumably ensures that normal plastid populations are maintained in all plant cells.
Bacterial FtsZ has two functional domains, an N-terminal domain (NTD) and a C-terminal domain (CTD) , that fold independently of one another (Oliva et al. 2004) . The NTD contains a Rossman fold for GTP binding (Lo¨we 1998, Lo¨we and , and the CTD contains a T7 loop for GTP hydrolysis (de Boer et al. 1992 , RayChaudhuri and Park 1992 , Lo¨we 1998 , Scheffers et al. 2002 . The CTD also contains at its extreme C-terminus a short conserved stretch of amino acids that has been shown to interact with the bacterial cell division proteins FtsA and ZipA Margolin 1999, Vaughan et al. 2004 ). Similar to tubulin, longitudinal contacts in FtsZ polymers are made between the region of *Corresponding author: E-mail, osteryou@msu.edu; Fax, þ1-517-353-1926. the CTD bearing the T7 loop in one monomer and the GTP-binding site in the NTD of the next monomer. The GTP-hydrolytic site is formed by interaction between two monomers, and GTP hydrolysis is stimulated by FtsZ polymerization (Erickson 1998 , Nogales et al. 1998 , Oliva et al. 2004 ).
FtsZ1 and FtsZ2 arose early in plant evolution by duplication of a common ancestral FtsZ gene of cyanobacterial origin. FtsZ1 is more divergent from its cyanobacterial counterparts than is FtsZ2, and is unique to plants and green algae (Stokes and Osteryoung 2003 , Wang et al. 2003 , Rensing et al. 2004 ). FtsZ1 also lacks the short C-terminal motif found in most bacterial FtsZ proteins; this motif is conserved in FtsZ2 proteins ( Fig. 2A) , where it mediates an FtsZ2-specific interaction with ARC6 . Thus FtsZ1 and FtsZ2 are functionally as well as phylogenetically divergent. Nevertheless, except for lack of the C-terminal conserved motif, FtsZ1 has all the hallmarks of a typical FtsZ and is predicted to be a GTPase . Consistent with this observation, recombinant FtsZ1 has been reported to undergo GTP-dependent multimerization and assembly into filament-like structures in vitro and to complement a cell division defect in an Escherichia coli ftsZ mutant (Gaikwad et al. 2000 , El-Kafafi et al. 2005 . However, the structural requirements for FtsZ1 chloroplast division activity in vivo have not been investigated.
To investigate further FtsZ1 function in plants and begin defining the features important for its chloroplast division activity, we compared the predicted secondary and tertiary structures of FtsZ1 with those of bacterial FtsZ. We show that FtsZ1 contains predicted a-helices, loops and b-sheets that in bacteria form a Rossman fold for GTP binding and a T7 loop for GTP hydrolysis. We also isolated six mutant alleles of the single FtsZ1 gene in Arabidopsis thaliana, AtFtsZ1-1 (At5g55280), including a null allele. Four alleles alter conserved amino acids, and one truncates AtFtsZ1-1 near its C-terminus. Analysis of chloroplast morphologies, FtsZ1 and FtsZ2 protein levels, and FtsZ ring and filament morphologies in the mutant backgrounds show that: (i) plants homozygous for the FtsZ1 null allele are viable and FtsZ2 protein levels are not affected; (ii) predicted structural features in FtsZ1 homologous to those in bacterial FtsZ are important for FtsZ filament (Z filament) and chloroplast morphology in vivo, and some residues may be important for accumulation of FtsZ1, including the C-terminus; (iii) FtsZ2 is capable of forming rings in very small chloroplasts in the absence of a functional FtsZ1 protein; (iv) changes in FtsZ1 protein level or function do not alter expression of FtsZ2, but do affect FtsZ2 filament morphology; and (v) mutations in key residues appear to impact FtsZ polymer dynamics in vivo.
Results

atftsZ1-1-D1 is a null allele of AtFtsZ-1
A search of the SIGnAL 'T-DNA Express' database (http://signal.salk.edu/cgi-bin/tdnaexpress) revealed a mutant line, SALK_073878 (Alonso et al. 2003) , harboring a T-DNA insertion in the first exon of AtFtsZ1-1 (Fig. 1A) . We have designated this gene atftsZ1-1-D1. The genotype of the homozygous T-DNA insertion mutant was verified by PCR. atftsZ1-1-D1 mutant plants exhibit altered chloroplast morphology and a block in chloroplast division, as indicated by a dramatic reduction in chloroplast numbers compared with wild-type Columbia (Col-0; Fig. 1B, C) . Leaf mesophyll cells in atftsZ1-1-D1 typically contain an average of five chloroplasts per cell, with a range of 1-12 chloroplasts (Table 1) , compared with a mean of 41 in wildtype Col-0. These chloroplasts are enlarged and exhibit heterogeneity in size and number from cell to cell (Fig. 1D) . No aplastidic cells were detected in any leaf samples. Homozygous mutants set seed and produced viable plants. In order to confirm that the PCR-detected T-DNA insertion caused the mutant phenotypes, atftsZ1-1-D1 plants were transformed with wild-type AtFtsZ1-1 under control of its native promoter. Wild-type chloroplast morphology and number were restored in the transformant, confirming that the T-DNA insertion is the cause of the mutant phenotypes (data not shown). Fig. 2 (A) Amino acid alignment of AtFtsZ1-1 (NP_200339), AtFtsZ2-1 (NP_190843), AtFtsZ2-2 (NP_565839), EcFtsZ (AAC73206) and MjFtsZ (Q57816) proteins with predicted secondary structure. Dark gray bars represent a-helices and light gray arrows represent b-strands, with all structures labeled based on the homologous structures from Methanococcus jannaschii (Lö we, 1998). Black dots above the sequence indicate equivalent bacterial mutations. D96A (Redick et al. 2005 ) is a mutation equivalent to D159, and A239V represents both ts1 in Bacillus subtilis (Michie et al. 2006 ) and ftsZ2863 in Escherichia coli (Addinall et al. 2005) . The positions of the five mutant alleles are indicated by black arrows and the amino acid changes are indicated above the alignment. Black bars above the alignment are the tubulin motif (GGGGTGT/SG) (RayChaudhuri and Park 1992) and T7 loop. The C-terminal conserved motif is indicated by a black bar below the alignment. The legend indicates the NTD, CTD, N-terminal region, core region and spacer region. (B) The transcription unit of At5g55280, with the positions of each mutation indicated above with black arrows. At, Arabidopsis thaliana; Ec, Escherichia coli; Mj, Methanococcus jannaschii.
Mutations in FtsZ1 affect chloroplast division 777
Immunoblot analysis of protein extracts from mature leaf tissue of homozygous atftsZ1-1-D1 individuals was performed using AtFtsZ1-1-specific antibodies (Fig. 1E ). AtFtsZ1-1 protein was not detected in the mutant (Fig. 1E, lane 2) , demonstrating that atftsZ1-1-D1 is a null allele of AtFtsZ1-1, consistent with the site of T-DNA insertion (Fig. 1A) . There was no detectable difference in the AtFtsZ2-1 protein level in this mutant when compared with the wild type (Fig. 1B, lanes 1 and 2) . These data show that AtFtsZ1-1 is not essential for the survival of Arabidopsis or the propagation of plastids. The null allele of FtsZ1 also provided a basis for phenotypic comparisons among the other FtsZ1 mutant alleles described below and served as a negative control for Z filament morphology and immunoblot assays.
Mutant alleles of AtFtsZ1-1
In addition to atftsZ1-1-D1, we identified five novel mutant alleles of AtFtsZ1-1 from several mutant populations, four recessive and one semi-dominant. The positions of mutations in the predicted structures of FtsZ1 and the AtFtsZ1-1 gene are shown (Figs. 2A, B , and 3). Chloroplast phenotypes and FtsZ morphologies in the mutants were compared with those in their respective wild types-Col-0 for atftsZ1-1-D1, atftsZ1-1(D159N), atftsZ1-1(G267R) and atftsZ1-1(R298Q) (Figs. 4A-M, Q, U, and 5A-M, Q, U), and Wassiljevskija (Ws-2) for atftsZ1-1(G366A) and atftsZ1-1(D404-433) (Figs. 4N-P, R-T, V-X, and 5N-P, R-T, V-X). All phenotypic data have been compiled in Table 1 . The minimum and maximum number of chloroplasts detected in any one cell. c Percentage of wild-type seeds. The difference from 100% represents aborted or abnormal seeds.
Two recessive alleles of AtFtsZ1-1, atftsZ1-1(D159N) and atftsZ1-1(R298Q), were identified in a visual microscopy-based screen for chloroplast division mutants from an M 2 ethylmethane sulfonate (EMS)-mutagenized Col-0 population (Miyagishima et al. 2006 ). These two mutations, which conferred altered chloroplast morphology in leaf mesophyll cells, were crossed into Ler, and F 2 plants were tested for linkage to known plastid division genes using PCR-based markers. The mutant phenotypes were linked to a 1.5 Mb region on chromosome 5 that included AtFtsZ1-1. This linkage excluded all other known plastid division genes, and subsequent sequencing uncovered point mutations at At5g55280 in both mutants. atftsZ1-1(D159N) exhibits variability in chloroplast size (Fig. 4C ) and has a mean number of 14 chloroplasts per cell (Table 1) . The mutation results from a G-to-A transition at nt 6,70l in exon 3 (Fig. 2B ) that alters an aspartate residue conserved in the NTD of all FtsZ proteins (Stokes and Osteryoung 2003) (Fig. 2A) . atftsZ1-1(R298Q) also exhibits heterogeneity of chloroplast size (Fig. 4M) , but the mesophyll cell chloroplasts are typically less variable in size than those in atftsZ1-1(D159N) (Fig. 4C) , and contain more chloroplasts per mesophyll cell, having a mean number of 19 (Table 1) . atftsZ1-1(R298Q) harbors a G-to-A transition at nt 1,283 in exon3 (Fig. 2B) , altering an arginine residue in the CTD that is highly conserved among E. coli FtsZ, cyanobacterial FtsZ and plant FtsZ1 proteins, but is loosely conserved among plant FtsZ2 proteins (Stokes and Osteryoung 2003) ( Fig. 2A ).
An allele of AtFtsZ1-1, originally designated pmi4, was isolated in a screen for plastid movement impaired (pmi) mutants (DeBlasio et al. 2005) . pmi mutants are defective in blue light-induced chloroplast movements; in pmi4, this defect results from a severe block in chloroplast division (DeBlasio et al. 2005) . Leaf mesophyll cells of pmi4 contain a mean of one (Table 1 ), but sometimes two or three, greatly enlarged chloroplasts (Fig. 4D) . F 1 plants from a pmi4 Â Ler mapping cross exhibited a mixture of small and large chloroplasts, indicating that pmi4 is a semi-dominant mutation ( Supplementary Fig. S1 ). pmi4 was mapped to a 58 kb region on chromosome 5 that included AtFtsZ1-1. Sequence analysis of AtFtsZ1-1 from pmi4 genomic DNA revealed a G-to-A transition at nt 1,189 in exon 5 (Fig 2B) , altering G267 in the CTD to R (Fig. 2A) . Henceforth, we refer to this mutant as atftsZ1-1(G267R).
arc10, a recessive mutant isolated previously in a screen for mutants with defects in accumulation and replication of chloroplasts (arc) (Pyke and Leech 1994) , exhibits reduced numbers of chloroplasts that are heterogeneous in size, similar to atftsZ1-1(D159N), with a mean number of 23 chloroplasts compared with 55 in wild-type Ws-2 (Table 1) . Leaf mesophyll cells from this mutant typically contain one greatly enlarged chloroplast and numerous smaller chloroplasts ( Fig. 4O ) (Rutherford 1996 , Pyke 1999 . We mapped arc10 to a 311 kb region on chromosome 5 containing AtFtsZ1-1 (At5g55280). Sequence analysis of this locus revealed a G-to-C transversion at nt 1,583 in exon 6 (Fig. 2B ) that resulted in a missense mutation in the CTD, G366A ( Fig. 2A) . This mutation alters a glycine residue that is highly conserved among plant FtsZ1 and cyanobacterial FtsZ proteins (Stokes and Osteryoung 2003) . To confirm that the chloroplast division phenotype in arc10 is a consequence of the atftsZ1-1 missense mutation, arc10 plants were transformed with wild-type AtFtsZ1-1 as in the null mutant. Wild-type chloroplast morphology and number were restored in the transformant, confirming that AtFtsZ1-1 complements arc10 (data not shown). We refer to the arc10 mutation hereafter as atftsZ1-1(G366A).
Lastly, atftsZ1-1(D404-433) was isolated by PCRbased screening of a T-DNA insertion population in the Ws-2 background (Sussman et al. 2000) . Mesophyll cell chloroplasts in this mutant are reduced in number [a mean of 22 (Table 1) ] and are larger than in the wild type (Fig. 4P ), but do not exhibit heterogeneity in size. Sequence analysis showed a T-DNA insertion in the last exon at nt 1,682 in this mutant (Fig. 2B ), resulting in a loss of the final 30 amino acids of AtFtsZ1-1 and altering the amino acid sequence at the point of insertion from 399GSSGQQ404 to 399AQKERStop404 ( Fig. 2A ).
FtsZ1 and mutant alleles can be modeled onto bacterial FtsZ secondary and three-dimensional structures Plant and bacterial FtsZ proteins share considerable sequence similarity (Stokes and Osteryoung 2003) (Fig. 2A) . 
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Young Leaf Tissue
5 DIC light micrographs of chloroplast phenotypes (A-D and M-P) and immunofluorescence micrographs of chloroplasts using AtFtsZ1-1 antibodies (E-H and Q-T) and AtFtsZ2-1 antibodies (I-L and U-X) from Arabidopsis young leaf mesophyll cells of Col-0 samples; wild type (A, E and I), null allele (atftsZ1-1-D1) (B, F and J), atftsZ1-1(D159N) (C, G and K), atftsZ1-1(G267R) (D, H and L), and atftsZ1-1(R298Q) (M, Q and U), and Ws-2 samples; wild type (N, R and V), atftsZ1-1(G366A) (O, S and W), and atftsZ1-1(D404-433) (P, T and X). Arrows indicate FtsZ filaments, and double arrows indicate midplastid FtsZ rings. Bar sizes are equal to 20 mm for DIC and 10 mm for immunofluorescence.
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We mapped the sequence of the Arabidopsis FtsZ1 protein, AtFtsZ1-1, onto the atomic structure of Methanococcus jannaschii FtsZ (Lo¨we 1998, Lo¨we and Amos 1998) (Q57816) using the structure prediction programs SWISS-MODEL and DeepView (Peitsch et al. 1995 , Guex and Peitsch 1997 , Schwede et al. 2003 (Fig. 3) . Structural features corresponding to those in the bacterial protein can be identified in both the secondary and tertiary structural models of AtFtsZ1-1 (Figs. 2A, 3 ). According to the nomenclature used by Lo¨we (1998) and Lo¨we and Amos (1998) , the NTD comprises a-helices H0-H7 and b-strands S1-S6 ( Fig. 2A ), which constitute a putative Rossman fold for GTP binding. The CTD encompasses the portion of the protein downstream of helix H7, including a-helices H8-H10 and b-strands S7-S12. All secondary structures present in bacterial FtsZ (Lo¨we 1998, Lo¨we and are predicted in AtFtsZ1-1. A T7 loop that overlaps with a-helix H8 is predicted at the beginning of the AtFtsZ1-1 CTD (Figs. 2A, 3). In the E. coli protein, the T7 loop contacts the -phosphate of GTP in the adjacent FtsZ molecule to catalyze GTP hydrolysis (de Boer et al. 1992 , RayChaudhuri and Park 1992 , Scheffers et al. 2002 .
In the bacterial FtsZ polymer, the T7 loop, a-helix H8, b-strand S9 and a-helix H10 make contacts with the GTP-binding domain in the NTD of the adjacent monomer (Oliva et al. 2004) . Using a different nomenclature based on alignment of sequences from a wide range of organisms, Vaughan et al. (2004) delineated four regions in FtsZ proteins: a variable N-terminus, a highly conserved core region, a highly variable spacer and a C-terminal region. The latter region, defined in part by the presence of the C-terminal conserved motif, is not found in FtsZ1 (Vaughan et al. 2004) ; instead, FtsZ1 proteins have a divergent C-terminus of roughly similar length (Rensing et al. 2004) (Fig. 2A) . Some residues within this region are largely conserved within the plant FtsZ1 family, however (Rensing et al. 2004) , suggesting that the divergent C-terminus and specific features within it are important for FtsZ1 function.
All of the mutant alleles, with the exception of atftsZ1-1-D1, have been mapped onto the secondary and tertiary predicted structures. The atftsZ1-1(D159N) mutation changes a highly conserved, negatively charged aspartate to an uncharged polar asparagine ( Fig. 2A ). This residue is predicted to be on the lateral surface of the protein in b-strand S4 of the NTD (Figs. 2A, 3 ) based on the position of the equivalent residue in E. coli FtsZ, D96 (Redick et al. 2005) . The equivalent mutation in E. coli FtsZ, D96A, does not impair the ability of FtsZ to form protofilaments in vitro, though it does prevent complementation of the E. coli mutant ftsZ84 (RayChaudhuri and Park 1994, Lu et al. 2001 , Redick et al. 2005 . The altered chloroplast morphology exhibited by atftsZ1-1(D159N) (Fig. 4C) suggests that this charged residue is important for AtFtsZ1 function.
The mutation in atftsZ1-1(G267) alters a highly conserved glycine, G267 (Stokes and Osteryoung 2003) , positioned near the junction of the NTD and CTD, in the predicted GTP-hydrolytic T7 loop (Figs. 2A, 3) . Mutations in the T7 loop of bacterial FtsZ inhibit GTP hydrolysis activity and cannot complement null mutations (Scheffers et al. 2002 , Redick et al. 2005 . Mutation of the equivalent glycine has not been described in bacteria, suggesting that this may be lethal. However, mutation of an adjacent proline in E. coli ftsZ9124 blocks cell division, impairs formation of FtsZ rings and filaments, and prevents in vitro polymerization (Addinall et al. 2005) .
R298 is predicted to correspond to a highly conserved arginine residue on the N-terminal side of a-helix H9 (Figs. 2A, 3) (Lo¨we, 1998 , Stokes and Osteryoung, 2003 , Vaughan et al., 2004 . The side chain of R298 points directly at D331 in the three-dimensional model (Fig. 3, inset) , suggesting a potential ionic interaction between the two oppositely charged side chains in the predicted tertiary structure. Mutation of this residue in atftsZ1-1(R298Q) may disrupt this ionic interaction, which could disrupt the structure of the protein in the immediate region. Mutation of the equivalent arginine has not been reported in bacteria, perhaps due to possible lethality, though mutations in a nearby residue have been shown to be important for cell division but not GTP binding or hydrolysis in E. coli and Bacillus subtilis (Lu et al. 2001 , Addinall et al. 2005 , Michie et al. 2006 ). The affected arginine in atftsZ1-1(R298Q) is invariant in FtsZ1 and cyanobacterial FtsZ proteins (Stokes and Osteryoung 2003) , and is conserved in both E. coli and M. jannaschii FtsZs ( Fig. 2A) , indicating that this residue is important for FtsZ function in general.
G366 has its hydrogen side chain positioned on the inside of a tight turn between b-strands S9 and S10 (Figs. 2A, 3 ) at the C-terminal end of the conserved core region, and apparently cannot be substituted by alanine in the mutant atftsZ1-1(G366A). In the bacterial FtsZ polymer, b-strand S9 is involved in mediating interaction between the CTD and the NTD in the next monomer (Oliva et al. 2004 ). Because G366 is near the equivalent b-strand in FtsZ1, this residue may play a role in longitudinal contacts between FtsZ monomers in the chloroplast.
Finally, the T-DNA insertion mutant atftsZ1-1(D404-433) truncates the last 30 residues of AtFtsZ1-1, altering the resulting five C-terminal amino acids ( Fig. 2A) . Although FtsZ1 lacks the C-terminal conserved motif, truncation of the extreme C-terminus of FtsZ1 does alter chloroplast morphology (Fig. 4P) , suggesting a role for this divergent region in FtsZ1 function.
Analysis of FtsZ protein levels in atftsZ1-1 mutants
To investigate further the phenotypes of the mutants, we evaluated FtsZ1 and FtsZ2 protein levels by immunoblotting of protein extracts from Arabidopsis leaves (Fig. 6 ). Because we have observed that FtsZ protein levels in wild types are higher in young leaf tissue than in mature leaf tissue (Fig. 6 , lanes 1, 2, 15 and 16; Osteryoung laboratory, unpublished), we analyzed both young and mature leaves of homozygous mutants. We defined young leaves as the first leaf pair from 15-day-old plants and mature leaves as the first two leaf pairs from plants older than 21 d. Although some biological variability was observed in replicate experiments, AtftsZ2-1 (Fig. 6 , middle panel) and AtFtsZ2-2 protein levels (not shown) did not differ consistently in the mutants. FtsZ2 protein levels in the mutants were similar to those in the respective wild types; therefore, only the AtFtsZ2-1 levels are shown to represent FtsZ2 protein. Assays for immunoblot experiments were performed using atftsZ1-1-D1 as a negative control (Fig. 6 , lanes 3 and 4), and appropriate positive wild-type controls: Col-0 (Fig. 6, lanes 1-2) for atftsZ1-1-D1, atftsZ1-1(D195N), atftsZ1-1(G267R) and atftsZ1-1(R298Q) (Fig. 6, lanes 3-10) , and Ws-2 (Fig. 6 , lanes 15 and 16) for atftsZ1-1(G366A) and atftsZ1-1(D404-433) (Fig. 6,  lanes 11-14) .
Two of the mutants, atftsZ1-1(D159) and atftsZ1-1(G366A), consistently exhibited relatively wild-type levels of FtsZ1 protein (Fig. 6 , lanes 5, 6, 11 and 12), indicating that the mutations in these lines do not affect protein expression or stability. In contrast, three of the mutants exhibited FtsZ1 levels that were lower than in the wild type. FtsZ1 was not detected in protein extracts from either young or mature leaves from atftsZ1-1-D1 (Fig. 6, lanes 3  and 4) , as previously demonstrated for this null allele (Fig. 1E) . A relatively wild-type level of FtsZ1 was detected in young leaves of atftsZ1-1(G267R) (Fig. 6, lane 7) . However, in mature leaves, the level of FtsZ1 protein was consistently much lower than in mature leaves of the wild type (Fig. 6, lane 8) , and in some biological replicates the detection was marginal, suggesting either that the protein is not stable or that expression is altered. In atftsZ1-1(R298Q), very little FtsZ1 protein was detected in young leaves, and was undetectable in mature leaves (Fig. 6 , lanes 9 and 10). atftsZ1-1(D404-433) exhibited slightly reduced levels of FtsZ1 protein in both young and mature leaves (Fig. 6, lanes 13 and 14) . Consistent with the position of the T-DNA insertion, this truncated protein migrates faster on SDS-PAGE than does FtsZ1 from Ws-2 (Fig. 6 , lanes 15 and 16), with a predicted band size of $37 kDa compared with $40 kDa for wild-type FtsZ1. In all other samples where FtsZ1 protein was detected, the migration of the FtsZ1 cross-reacting bands was similar to that of wild-type FtsZ1. Our interpretation of these data is that the detected mutant FtsZ1 proteins are targeted to chloroplasts and their transit peptides processed.
Analysis of FtsZ transcripts in atftsZ1-1 mutants with reduced FtsZ1 protein levels
To investigate whether the reduced protein levels in atftsZ1-1(G267R), atftsZ1-1(R298Q) and atftsZ1-1(D404-433) might result from reduced transcription of the mutant genes, we compared AtFtsZ1-1 transcript levels with those in the wild type using reverse transcription-PCR (RT-PCR). Since AtFtsZ2-1 protein levels were unchanged in these mutants, AtFtsZ2-1 transcript levels and actin-2 were used as controls. Reverse transcription reactions were preformed on equal quantities of total RNA for AtFtsZ1-1 and AtFtsZ2-1 primers, and a half quantity for Actin-2 primers. PCR amplification was done using gene-specific primers designed to generate products that would span multiple introns to ensure PCR products were not generated from contaminating genomic DNA. Although there was some biological variability, the PCRs from the mutant samples all yielded bands that were at least as intense as the wild-type controls at 26 cycles (Fig. 7, lanes 3 and 6) . We conclude that transcription is not significantly altered in any of the mutants exhibiting reduced FtsZ1 protein levels, and, with the exception of the null allele, the chloroplast morphologies observed in the mutants result specifically from changes in the FtsZ1 amino acid sequence.
Young leaf mesophyll cells exhibit chloroplast morphologies similar to those in mature leaf mesophyll cells Typically, morphological defects in chloroplast division mutants are reported for mesophyll cells of mature, fully expanded leaves. However, some of the mutants in this study exhibited FtsZ1 protein levels that were dramatically altered when comparing young and mature leaf tissue, or exhibited variability or heterogeneity of Fig. 6 Immunoblot of protein extracts from young (Y) and 3-weekold mature (M) leaves, using AtftsZ1-1 (A, top row) and AtFtsZ2-1 (A, middle row) antibodies, from Col-0 samples; wild type (lanes 1 and 2), atftsZ1-1-D1(lanes 3 and 4), atftsZ1-1(D159N) (lanes 5 and 6), atftsZ1-1(G267R) (lanes 7 and 8), atftsZ1-1(R298Q) (lanes 9 and 10), and Ws-2 samples; atftsZ1-1(G366A) (lanes 11 and 12) and atftsZ1-1(D404-433) (lanes 13 and 14) , and wild type (lanes 15 and 16). The arrows indicate the truncated $37 kDa protein in atftsZ1-1(D404-433) vs the expected $40 kDa size of the mature AtFtZ1-1.
Mutations in FtsZ1 affect chloroplast divisionchloroplast morphology. In order to determine if there were developmental differences in chloroplast morphology between young and mature leaves, we examined young mesophyll cells from leaves that were similar in size and age to leaves used for immunoblot analysis. In each of the mutants, the chloroplast morphologies observed in young leaf mesophyll cells (Fig. 5A -D, M-P) were similar to those in mature leaf mesophyll cells (Fig. 4A-D, M-P) . This suggests that the chloroplast division defects present early, and chloroplast morphology is not further affected by changes in FtsZ1 protein level as the leaf matures.
Analysis of FtsZ filament morphology in atftsZ1-1 mutants
Next, we evaluated FtsZ1 localization and filament morphology by immunofluorescence staining of mature leaves (Fig. 4E-H , Q-T) and in young leaves (Fig. 5E -H, Q-T). In order to compare Z filament morphologies directly between all of the mutants, we also show micrographs of FtsZ2 immunofluorescent staining (Figs. 4I-L, U-X, 5I-L, U-X). Since Z filament patterns for AtFtsZ2-1 and AtFtsZ2-2 were similar in each mutant (data not shown), only AtFtsZ2-1 is used for comparison. With the exception of atftsZ1-1-D1, atftsZ1-1(G267R) and atftsZ1-1(R298Q) (Figs. 4F , H, Q, 5F, H), FtsZ1 filament morphologies were similar to the corresponding FtsZ2 filament morphology in the respective mutants. Control assays for localization experiments were performed with the appropriate wild types-Col-0 (Figs. 4E, I , 5E, I) for atftsZ1-1-D1, atftsZ1-1(D195N), atftsZ1-1(G267R) and atftsZ1-1(R298Q) (Figs. 4F-H , J-L, Q, U, 5F-H, J-L, Q, U); Ws-2 (Figs. 4R, V, 5R, 5V) for atftsZ1-1(G366A) and atftsZ1-1(D404-433) (Figs. 4S, T, W, X, 5S, T, W, X). atftsZ1-1-D1 also served as a negative control for FtsZ1 localization.
Immunolocalization of FtsZ proteins in both mature leaves (Fig. 4F ) and young leaves (Fig. 5F ) did not detect FtsZ1 in atftsZ1-1-D1, consistent with immunoblot data (Figs. 1E and 6, upper panel lanes 3 and 4) . However, FtsZ2 was detected as abnormally long, random filaments in both tissues (Figs. 4J, 5J ). Our localization data are consistent with previous antisense suppression studies of AtftsZ1-1 (Vitha et al. 2001 ) and further confirm that atftsZ1-1-D1 is a null allele. Interestingly, occasional FtsZ2 rings could be detected in smaller chloroplasts, such as those found in the vasculature of the leaf (Fig. 5J, inset) . This suggests that the size of the chloroplast and the ability to form a Z ring are inversely related when FtsZ1 is lacking. In other words, as the chloroplast becomes larger, fewer Z rings are formed.
The only mutant recovered with a mutation in the NTD that also expresses FtsZ1 protein, atftsZ1-1(D159N), exhibited enlarged chloroplasts (Fig. 4C ) containing FtsZ1 and FtsZ2 filaments that were long, and not positioned exclusively to the midplastid, though some do appear to be parallel (Fig. 4G, K) . A similar Z filament phenotype was also observed in young leaves (Fig. 5G, K) . This indicates that the predicted lateral surface residue D159 is not required for Z filament formation, but is important for proper Z ring positioning. However, it is possible that this mutation might hyperstabilize FtsZ filaments, which might also impact FtsZ dynamics. Interestingly, the smaller chloroplast population did exhibit some Z rings that appear to be positioned at the midplastid (Fig. 4G , double arrow). The most severe disruption of Z ring morphology was consistently correlated with the largest chloroplasts.
Of all the atftsZ1-1 alleles in this study, including the null allele, the most severe phenotype is exhibited by atftsZ1-1(G267R). In young leaves, as in protein extracts from young leaves (Fig. 6, lane 7) , mutant FtsZ1 protein was detected by immunofluorescent staining in atftsZ1-1(G267R) (Fig. 5H ), but not in mature leaves (Fig. 4H) . However, unlike staining of chloroplasts from young Col-0 leaves where FtsZ was localized to rings (Fig. 5E, I ), the mutant FtsZ1 protein was localized to punctate structures with a diffuse pattern (Fig. 5H ). This pattern was most obvious in the small chloroplasts found in the vascular tissues in young leaves (Fig. 5H, inset) . Intriguingly, the FtsZ2 protein in the young leaves did not exhibit a dispersed punctate localization pattern, but rather formed abnormally long, random filaments (Fig. 5L) . Consistent with the reduced detection of FtsZ1 protein from immunoblotting of mature leaf protein extracts (Fig. 6, lane 8) , the mutant FtsZ1 protein was barely detectable by immunostaining in the enlarged chloroplasts of expanded leaves, and cannot be distinguished from background labeling (Fig. 4H ). FtsZ2 protein in these chloroplasts was also detected as abnormally long, disorganized filaments, many RT-PCR analysis of AtFtsZ1-1 alleles comparing 22, 24 and 26 cycles of amplification using gene-specific primers for AtFtsZ1-1; as controls, AtFtsZ2-1 and Actin-2 primers were used. All samples reached saturation by 26 cycles, suggesting that the mutants do not exhibit altered transcript levels. Wild-type Col-0 and Ws-2 controls appear above the relevant mutants, and a single negative (Neg) reaction set is also shown. The FtsZ RT-PCRs were initiated with double the starting material when compared with the actin control reactions due to the low level of FtsZ transcript.
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Mutations in FtsZ1 affect chloroplast division of which appeared fragmented or discontinuous (Fig. 4L ). In addition, the phenotypes exhibited in atftsZ1-1(G267R) are consistent with antisense lines that suppress AtFtsZ1-1 and AtFtsZ2-1 expression (Osteryoung et al. 1998 ). However, it should be noted that the number and size of chloroplasts in atftsZ1-1-D1 and antisense FtsZ lines were much more variable compared with the phenotype of atftsZ1-1(G267R), which is consistently severe (1-3 chloroplasts).
In young leaves of atftsZ1-1(R298Q), FtsZ1 and FtsZ2 were both localized to rings and filaments (Fig. 5Q,  U) . However, the FtsZ1 filaments were faint and difficult to detect, consistent with immunoblot data (Fig. 6, lane 9) . Despite a significant reduction in FtsZ1 protein in mature leaves, however, FtsZ2 was detected in Z rings at the midplastid (Fig. 4U) , while FtsZ1 was not detected (Fig. 4Q ). This phenotype is in stark contrast to the chloroplast morphology of antisense AtFtsZ1 lines that exhibit greatly enlarged chloroplasts and disrupted FtsZ2 filament morphology when FtsZ levels are reduced (Osteryoung et al. 1998 , Vitha et al. 2001 ). However, there is an important difference between atftsZ1-1(R298Q) and antisense or null lines. In the null mutant, AtFtsZ1-1 protein is not produced, and in the antisense line the level of protein is regulated at the level of transcription. However, atftsZ1-1(R298Q) does generate a transcript, and the AtFtsZ1-1 protein that is produced is properly targeted to the chloroplast and processed based on the migration of the mutant FtsZ1 protein by SDS-PAGE (Fig. 6, lanes 1  and 9) . This shows that the regulation of FtsZ1 protein level in this mutant is post-transcriptional, and there appears to be sufficient protein entering the chloroplast to form the faintly detected Z filaments despite the reduced accumulation of FtsZ1 protein Immunofluorescence labeling in mature and young leaves of atftsZ1-1(G366A) detected FtsZ1 and FtsZ2 primarily at the midplastid (Figs. 4S, W, 5S, W). The largest chloroplasts exhibited multiple rings or possibly spiralshaped Z filaments that sometimes appeared to branch (Fig. 4S, W) . The Z filaments appeared as more normal Z rings in the smaller plastids of the mutant (Fig. 4W) . In the young leaves, many more chloroplasts were observed to contain Z rings that did not appear branched or as spirals (Fig. 5S, W) . This finding is consistent with FtsZ2 rings seen in small chloroplasts of the null mutant (Fig. 5J, inset) , and Z rings detected in the smaller chloroplasts of atftsZ1-1(D159N) (Fig. 4K, double arrow) . These data further support a relationship between chloroplast size and Z ring formation. The results indicate that G366 is not essential for midplastid positioning of FtsZ1 or FtsZ2 or for FtsZ filament formation, but does influence Z ring morphology.
Z ring positioning and morphology were relatively normal in the slightly enlarged chloroplasts of atftsZ1-1(D404-433), with nearly all chloroplasts containing FtsZ rings detected at the midplastid in both mature and young leaves (Figs. 4T, X, 5T, X) . These data show that the extreme C-terminus is not required for positioning, polymerization or ring formation of FtsZ. However, the increased chloroplast size suggests that the last 30 residues of FtsZ1 may play a role in chloroplast division unrelated to Z ring assembly, perhaps via interaction with downstream division factors. These residues may also be important for FtsZ1 stability based on the reduced level of this C-terminally truncated FtsZ1 protein. It should be noted that this mutation does not truncate any portion of the core protein and that the encoded protein structurally resembles FtsZ from M. jannaschii in lacking a C-terminal conserved motif ( Fig. 2A) .
Viability of atftsZ1-1 mutants
Since none of the mutants in this study exhibited aplastidic cells, including the null and atftsZ1-1(G267R) mutants, we concluded that plastid division is occurring at some basal level so that each cell inherits some chloroplasts. In order to confirm that the disruption of chloroplast division does not alter the inheritance of plastids in the next generation, we examined seed set (Table 1) . For each mutant and its respective wild type, we compared the number of mature seeds in five siliques from five individual plants. For each mutant there was no significant difference in the percentage of viable seed set in the mutant when compared with the respective wild-type seed set, indicating that FtsZ1 is not required for plant viability or propagation.
Discussion
Although most prokaryotes have a single FtsZ gene, FtsZ has undergone several independent gene duplication events, leading to the evolution of multiple FtsZ paralogs in some organisms (Vaughan et al. 2004 ). The evolution of FtsZ1 and FtsZ2 in plants and green algae from an FtsZ of cyanobacterial origin represents one such event. All FtsZ proteins share a common domain architecture that includes the variable N-terminal region, a conserved core region and a highly variable spacer region (Vaughan et al. 2004) (Fig. 2A) . The majority of FtsZs, including all known cyanobacterial FtsZs and plant FtsZ2, also contain a C-terminal region that mediates interaction with specific accessory proteins (Ma et al. 1996 , Ma et al. 1997 . However, FtsZ1 is more divergent from its cyanobacterial counterparts than is FtsZ2 Osteryoung 2003, Rensing et al. 2004 ) and is among a number of FtsZ proteins from several unrelated taxa that lack the conserved C-terminal motif found in the majority of FtsZs (Vaughan et al. 2004 ). To our knowledge, the study on FtsZ1 presented here is the first in which the functional consequences of mutations in an FtsZ that lacks the C-terminal region have been investigated. The results suggest important roles for specific regions and residues of FtsZ1 in chloroplast division.
FtsZ1 is not essential
Previously, we reported that plants expressing an AtFtsZ1-1 antisense transgene were impaired in chloroplast division, but were not grossly affected in overall growth or morphology (Osteryoung et al. 1998 , Vitha et al. 2001 . However, in the antisense plants we could not rule out the possibility that low levels of AtFtsZ1-1 expression persisted. Our finding in the present study that homozygous atftsZ1-1-D1 null mutants can be isolated and propagated shows conclusively that FtsZ1 is not essential for viability in Arabidopsis. This is perhaps surprising given the conservation of FtsZ1 in plants. Multiple chloroplasts were often observed in a single cell in the null mutant and, as in the antisense plants, no leaf cells lacking chloroplasts were seen, further indicating that chloroplasts can be propagated during cell division in the absence of FtsZ1. How this occurs in FtsZ1 or other large-chloroplast mutants is not yet known; alternative mechanisms of plastid partitioning in addition to binary fission, such as budding, have been reported (Pyke 1999, Forth and Pyke 2006) . However, in all the FtsZ1 mutants investigated, abnormal Z filament or chloroplast morphologies were evident in both young and mature leaves, indicating that FtsZ1, though not essential for viability, is necessary for maintenance of normal Z rings throughout leaf development. Also, when FtsZ1 filament morphology was disrupted, FtsZ2 filament morphology was also perturbed, consistent with previous co-localization and interaction studies, indicating an interaction between FtsZ1 and FtsZ2 (Vitha et al. 2001 .
The chloroplast morphology phenotypes in the null mutant are more heterogeneous than we have observed previously in AtFtsZ1-1 antisense lines (Osteryoung et al. 1998 ). This may be because the lines propagated for analysis in the early study were selected in part for their phenotypic consistency.
G267 and a-helix H9 are important for FtsZ1 accumulation
Comparisons of FtsZ1 levels between young and mature leaves of wild-type plants show a decrease in FtsZ1 protein levels as the leaves mature and expand (Fig. 6) . atftsZ1-1(G267R) and atftsZ1-1(R298Q) exhibit reduced FtsZ1 accumulation relative to the wild type. These mutations alter residues in the predicted T7 loop and near a-helix H9 of FtsZ1, respectively, suggesting that these regions may be important for FtsZ1 accumulation in leaves. FtsZ1 transcript levels are not reduced in these mutants relative to those in the wild type, showing that the changes in protein levels are post-transcriptional. It is possible that the reduced FtsZ1 levels result from decreased translational efficiency of the transcripts, but we suggest that these changes are more likely to reflect enhanced degradation, perhaps because the mutant proteins are less likely to be present in assembled polymers due to their conformational defects. Consistent with this idea, FtsZ1 is not detected in rings or filaments in atftsZ1-1(G267R), and fewer FtsZ1-containing rings and filaments are detected in atftsZ1-1(R298Q) than in the other FtsZ1 mutants (excluding the null mutant) described in this study. Future in vitro biochemical studies will be important for investigating the ability of these and other mutants to assemble into polymers.
The semi-dominant mutation in atftsZ1-1(G267R) alters a conserved glycine in the predicted T7 loop
The mutation at G267 in atftsZ1-1(G267R) is semidominant. The glycine at this position is conserved in the T7 loop of plant and bacterial FtsZs, which comprises part of the active site for GTP hydrolysis (Lo¨we and Amos 1999 , Lu et al. 2001 , Scheffers et al. 2002 . Mutations in the equivalent residue have not been reported for the bacterial proteins, but other T7 loop mutants in E. coli FtsZ exhibit reduced polymerization and/or GTP hydrolysis in vitro. Further, the mutant E. coli proteins retain their ability to interact with and suppress the GTPase activity of wild-type FtsZ (Scheffers et al. 2002) . The mutant FtsZ1 protein in atftsZ1-1(G267R) may be similarly impaired, which would explain both the dominant-negative phenotype in the heterozygote and the fact that the homozygote consistently exhibits a more severe chloroplast division phenotype than does the atftsZ1-1-D1 null mutant. Our results show that FtsZ1 cannot tolerate an arginine substitution at G267, and suggest that the equivalent T7 loop glycine may be critical for the activity of other FtsZs as well.
atftsZ1-1(R298Q) phenotype suggests that FtsZ1 may be more important in young than mature leaves An apparent contradiction of our results is that atftsZ1-1(R298Q) has a less severe chloroplast division phenotype but lower FtsZ1 protein levels than the other mutants described here except for atftsZ1-1(D404-433). The low level of FtsZ1 in atftsZ1-1(R298Q) suggests that the lesion destabilizes the protein, possibly through the loss of a predicted ionic interaction between R298 and D331 (Fig. 3, inset) . However, in young leaves, enough mutant FtsZ1 protein is apparently available and sufficiently competent to allow the formation of some midplastid FtsZ1-containing Z rings in vivo, although FtsZ1 is not detected in mature leaves. In addition, FtsZ2 ring morphology is not altered in leaf mesophyll chloroplasts of atftsZ1-1(R298Q). These results show that R298 is not required for Z ring formation or positioning, and suggest that FtsZ1
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Mutations in FtsZ1 affect chloroplast division activity may be most important for propagation of chloroplasts during early leaf development.
D159 and G366 are important for FtsZ1 dynamics
In order for the Z ring to contract during binary fission and be repositioned to the middle of the new daughter chloroplasts, FtsZ polymers must undergo dynamic rearrangement. Two of the mutants in this study may be defective in FtsZ1 dynamics. atftsZ1-1(D159N) exhibits a unique Z filament morphology of overly long, possibly branched filaments (Figs. 4G, K, 5G, K) , suggesting that FtsZ polymers may be hyperstabilized in this mutant. D159 is a lateral surface residue just N-terminal of the conserved tubulin motif (GGGTGT/SG). Mutation of the equivalent residue in E. coli FtsZ, D96, reduces GTP binding and hydrolysis, and the mutant protein cannot rescue the ftsZ84 mutant though it is able to polymerize in vitro (Lu et al. 2001 , Redick et al. 2005 . One possible explanation for the aberrant FtsZ morphology in atftsZ1-1(D159N) is that substitution of a negatively charged side chain with a polar uncharged side chain at D159 excessively stabilizes FtsZ1 interactions, perhaps with adjacent Z filaments or unknown accessory factors, inhibiting disassembly and resulting in a loss of control of FtsZ midplastid positioning.
atftsZ1-1(G366A) also appears to have excess FtsZ1 filaments, but these are properly positioned in rings or possibly spirals (Fig. 4S, W) , indicating that G366 is not required for midplastid positioning of FtsZ1. However, the filament morphology suggests that the mutant G366A protein may be impaired in its ability to be remodeled or repositioned. Interestingly, the FtsZ filament morphology in atftsZ1-1(G366A) resembles that of a recently described temperature-sensitive B. subtilis FtsZ mutant, ts1 (Michie et al. 2006) . At the non-permissive temperature, the mutant FtsZ protein in ts1 forms spiral-like Z filaments that localize to the midcell. The spirals in the ts1 mutant are hypothesized to represent a trapped FtsZ intermediate with reduced ability to be reorganized into rings (Michie et al. 2006 ). Although G366 is not near the affected residue in the ts1 mutant, the Z filament morphology in atftsZ1-1(G366A) suggests that G366 may play a similar role in reorganizing FtsZ1 in the chloroplast. Consistent with this possibility, we have observed FtsZ1-and FtsZ2-containing spirals extending from the midplastid Z ring in deeply constricted plastids in wild-type, pdv1, pdv2 and arc5, suggesting that a spiral intermediate could be part of a mechanism for redeploying chloroplast FtsZs to the new division site in newly divided chloroplasts (Vitha et al. 2001 , Miyagishima et al. 2006 .
FtsZ1 as well as FtsZ2 is abnormally localized in atftsZ1-1(D159N) and atftsZ1-1(G366A) (Fig. 4G , K, S, W), though FtsZ1 protein levels are not dramatically reduced in these mutants, particularly in young leaves (Fig. 6, lanes 5, 6, 11 and 12) . These findings suggest a role for FtsZ1 in regulating FtsZ2 filament morphology in vivo.
The extreme C-terminus of FtsZ1 is not required for FtsZ1 ring formation or positioning
The presence of FtsZ1 in midplastid rings and filaments in atftsZ1-1(D404-433) indicates that the FtsZ1 C-terminus is not involved in regulation of Z ring morphology or positioning in chloroplasts. This is consistent with the complete lack of a corresponding C-terminal region in M. jannaschii ( Fig. 2A) and other Archeae FtsZ proteins (Vaughan et al. 2004) , and the finding that the C-terminal region in E. coli FtsZ is not required for Z ring assembly (Wang et al. 1997, Osawa and . However, there appears to be a conservation of C-terminal amino acids unique to plant FtsZ1 proteins (Rensing et al. 2004) , suggesting that this region is important for another aspect of FtsZ1 function such as interaction with other division factors, similar to the C-terminal regions of E. coli FtsZ and plant FtsZ2 Margolin 1999, Maple et al. 2005) . The C-terminus of FtsZ1 may also be important for FtsZ1 accumulation based on the reduced FtsZ1 protein levels in atftsZ1-1(D404-433), but as the transcript lacks the native 3 0 -untranslated region, the decreased protein accumulation may be a consequence of reduced translational efficiency. Nevertheless, reduction of FstZ1 per se, at least to the level in atftsZ1-1(D404-433), does not prevent Z ring formation and midplastid positioning.
Heterogeneity of chloroplast size suggests a relationship between chloroplast size and Z ring formation atftsZ1-1(D159N), atftsZ1-1(R298Q) and atftsZ1-1(G366A) exhibit chloroplast size heterogeneity. This probably reflects the fact that chloroplast compartment volume is maintained at a constant proportion of cell size through a combination of chloroplast division and chloroplast expansion (Pyke 1997 , Pyke 1999 . In Arabidopsis leaf mesophyll cells, chloroplasts do not divide synchronously; only a subset of chloroplasts can be observed undergoing division in expanding cells (Pyke 1997 , Pyke 1999 . We suggest that, in the FtsZ1 mutants, individual chloroplasts that cannot divide normally because of impaired FtsZ function would nevertheless continue to expand. Once the prescribed chloroplast compartment volume is reached, division of all chloroplasts would be inhibited. Consistent with this likelihood, altered Z filament morphology was primarily detected in the enlarged chloroplasts of atftsZ1-1(D159N) and atftsZ1-1(G366A) (Fig. 4G, S) , and much less frequently in smaller chloroplasts (Fig. 4G , double arrow; Fig. 5S, W) . In addition, FtsZ2 rings were detected in the very small chloroplasts of the null mutant (Fig. 5J,  inset) . As the chloroplasts increase in size, the altered Z ring morphology becomes more pronounced, culminating in the observed phenotypes. In this study, all the mutants, with the exception of atftsZ1-1(G267R) and atftsZ1-1(D404-433), exhibited some degree of chloroplast size heterogeneity.
In conclusion, we have found that mutations in FtsZ1 impact FtsZ1 protein level, FtsZ1 filament morphology, chloroplast size and number, and FtsZ2 filament morphology, but not FtsZ2 protein levels. The latter demonstrates that FtsZ2 protein levels are regulated independently of FtsZ1 protein level. The in vivo results reported here can be compared with the results of in vitro biochemical assays on recombinant FtsZ1 proteins once such assays become available (work in progress). However, D159 and G366 appear to be important for FtsZ dynamics during chloroplast division. We have also found that plants completely lacking FtsZ1 (null) or having a dominant-negative phenotype [atftsZ1-1(G267R)] are viable and that each mesophyll cell contains at least one chloroplast, indicating that FtsZ1 is not essential to plant viability or chloroplast propagation. However, FtsZ1 is essential for maintaining wild-type chloroplast numbers. A key advantage of many small chloroplasts over a few large ones in land plants is probably their ability to be repositioned in response to light stimulus, both to maximize light absorption under low light and to minimize photoinhibition under high light. Consistent with this idea, Jeong et al. (2002) showed that large chloroplasts in tobacco plants overexpressing tobacco FtsZ1 are defective in movement and more susceptible to photodamage than in the wild type. Our finding here that the pmi4 mutant is an allele of FtsZ1 further emphasizes the relationship between chloroplast division and chloroplast movement.
Materials and Methods
Plant material
Seed stock from A. thaliana seed for SALK_073878 and the arc10 mutant (CS282) were obtained from the Arabidopsis Biological Resource Center (Ohio State University, Columbus, OH, USA) (http://www.arabidopsis.org/abrc/). The arc10 mutant was isolated from a T-DNA mutagenized population of Ws-2 (Pyke and Leech 1994) . Seed of pmi4 was obtained from an EMSmutagenized population of Col-0 (DeBlasio et al. 2005) . Seed of atftsZ1-1(D159N) and atftsZ1-1(R298Q) were obtained from a plastid division mutant screen from an EMS-mutagenized M 2 population of Col-0 seed (Lehle Seeds). Seed of atftsZ1-1(D404-433) was obtained through a PCR-based screening of the T-DNA insertion population of Ws-2 (Sussman et al. 2000) .
All mutants and wild-type seeds were sown in 1/2Â Hoagland's soaked soil and grown in a chamber at 218C with a day/night cycle of 16/8 h for 3-4 weeks as previously described (Osteryoung et al. 1998) . The young expanding leaves from the inner rosette, expanding leaves from the outer rosette and fully expanded leaves were harvested for immunoblotting or immunostaining analysis .
Identification of a Salk T-DNA insertion mutant
A mutant bearing a T-DNA insertion within AtFtZ1-1 (At5g55280; SALK_073878) was identified through a database search of the Salk Institute Genomic Analysis Laboratory website (http://signal.salk.edu/cgi-bin/tdnaexpress) (Fig. 1A) . To determine the genotype of plants bearing the T-DNA insertion, the following primers were used: AtFtsZ1-1 LP, 5 0 -CAGAGCTTG CGAATCCGTGTT-3 0 ; AtFtsZ1-1 RP, 5 0 -AAGCATGCGCAAA GTCAGTCG-3 0 ; and a T-DNA left border primer LBb1, 5 0 -GCGTGGACCGCTTGCTGCAACT-3 0 . The presence of a wild-type allele was determined by PCR using the gene-specific primers that flanked the insertion site (LP and RP), while a combination of a T-DNA left border primer and RP was used to identify the mutant allele. The nucleotide sequences of the DNA fragments resulting from PCR amplification using primers specific for the T-DNA left border and one of the flanking sequences was determined.
FtsZ1-1 screen of the Wisconsin T-DNA insertion population
An insertion mutant atftsZ1-1(D404-433) was obtained by PCR-based screening of the T-DNA insertion population from the Arabidopsis Knockout Facility at the University of WisconsinMadison (Sussman et al. 2000) using the following primers: LB 5 0 -CATTTTATAATAACGCTGCGGACATCTAC-3 0 , and flanking primers forward 5 0 -CCACTCGATCTCTTCACCTTTCCTTT GTG-3 0 , and reverse 5 0 -AGAAAAGTCTACGGGGAGAAGAC GATTTG-3 0 . The population consists of 72,960 BASTA-resistant lines in ecotype Ws-2 transformed with an activation-Tag vector, pSK1015. Using the recommended methods, several rounds of PCR screening were followed by Southern blotting analysis, and further confirmation by sequence analysis identified a T-DNA insertion in AtFtsZ1-1. pmi mutant screen pmi4 was isolated from M 2 EMS-mutagenized Col-0 population screened for plastid mobility impaired mutants and crossed into Ler for genetic mapping (DeBlasio et al. 2005) . F 2 progeny exhibiting altered chloroplast movement responses were then screened microscopically to confirm the homozygous chloroplast division phenotype. Division-defective F 2 s were mapped to a 58 kb region of chromosome 5 between MCO15B at 22,416 kb and MET17A at 22,474 kb, which includes At5g55280. The At5g55280 locus was PCR amplified from pmi4 genomic DNA and the resultant sequence was compared with that of Col-0. All original simple sequence length polymorphism (SSLP) markers were made with the polymorphic database on TAIR (http://www.arabidopsis. org) and from the CEREON database (Jander et al. 2002) .
EMS plastid division mutant screen
Two mutants defective in plastid division were isolated by a visual microscopy-based screen of leaves from an M 2 population of EMS-mutagenized Col-0 (Lehle Seeds). Mutants with defective chloroplast division phenotypes were analyzed for linkage to known plastid division genes, followed by sequencing the plastid division gene with significant linkage. Two new alleles of AtFtsZ1-1 were identified in this screen and designated atftsZ1-1(D159N) and atftsZ1-1(R298Q).
Genetic mapping of arc10, atftsZ1-1(D159N) and atftsZ1-1(R298Q) arc10, atftsZ1-1(D159N) and atftsZ1-1(R298Q) were crossed into Ler to generate mapping populations. F 2 plants
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Mutations in FtsZ1 affect chloroplast division identified by DIC (differential interference contrast) microscopy to have the corresponding mutant phenotype were used for mapping. CER436625 (5 0 -TACTCCGTTTGGGCGTTTAT-3 0 and 5 0 -TGGATGTCTGAATAACGAAACG-3 0 ) and SHIG015 (5 0 -TGCTAACGTTTCGAACATGG-3 0 and 5 0 -GGTTTGAGTG AGCAACATGG-3 0 ) on chromosome 5 tightly linked arc10 to AtFtsZ1-1, and markers CER436625 and CER456386 (5 0 -AGTAACTCAAAACCAAACAAGGAC-3 0 and 5 0 -TTTGAT GCATCATAACAGAAAGTC-3 0 ) linked atftsZ1-1D159N and atftsZ1-1R298Q to AtFtsZ1-1. Mapping primers for CAPS (cleaved amplified polymorphic sequences) and SSLP markers created from the polymorphic database on TAIR (http://www. arabidopsis.org) and from the CERON database (Jander et al. 2002) were obtained from Invitrogen (Carlsbad, CA, USA). CAPS markers were digested for 1 h in 20 ml reactions using 10 ml of PCR product with sufficient enzyme to achieve proper digestion. SSLP and digested CAPS marker fragments were then resolved by agarose gel electrophoresis and the resultant banding patterns analyzed.
Complementation of atftsZ1-1-D1 and arc10
Both lines were transformed with AtFtsZ1-1 under the control of 500 bp of the putative upstream native promoter. Fulllength AtFtsZ1-1 was PCR amplified from Col-0 genomic DNA with Pfuturbo (Stratagene, La Jolla, CA, USA) using primer pair 5 0 -TCAGACAAGAACAACCTCAAAC-3 0 and 5 0 -TACATCCAG TTAGAACCAATCAT-3 0 . The PCR product was cloned into pGEM-T Easy (Promega) and the subsequent subclone digested with NotI and further subcloned into the NotI site of pMLBART, a derivative of pART27 (Gleave 1992 ) that confers resistance to the herbicide glufosinate as a selectable marker. Agrobacteriummediated transformation of Arabidopsis and selection of T 1 transformants were performed as described previously (Vitha et al. 2001 ). The resulting T 1 plants were selected for BASTA resistance, and chloroplast morphology in leaf mesophyll cells was assessed as described previously.
Secondary and three-dimensional structure modeling
Full-length amino acid sequences of AtFtsZ1-1 (NP_200339), AtFtsZ2-1 (NP_190843), AtFtsZ2-2 (NP_565839), EcFtsZ (AAC73206) and MjFtsZ (Q57816) were used for structure prediction. The AtFtsZ1-1 structure was generated from SWISS-MODEL and analyzed with the accompanying DeepView software (Peitsch et al. 1995 , Guex and Peitsch 1997 , Schwede et al. 2003 . The WHAT_CHECK report generated for the predicted structure determined that there were no major problems with the structure.
Analysis of chloroplast phenotype
Leaf tissue was fixed and macerated to separate individual cells as described previously (Osteryoung et al. 1998 ). Mesophyll cells were viewed using an Olympus BH2 microscope equipped with DIC optics and a 40Â objective. Images were captured with a Leica DFC320 digital camera.
Immunofluorescence microscopy
Tissue samples were embedded in Steedman's wax, sectioned and immunostained essentially as previously described in Vitha et al. (2001) , except that the sections were incubated with anti-FtsZ antibody diluted 1 : 3,500 overnight at room temperature, and a second blocking step, identical to the first, was added prior to incubation with secondary antibody. The samples were then incubated with goat anti-rabbit Alexa Fluor 488 conjugate (Molecular Probes) for 4 h at room temperature at 1 : 300 dilution. Samples were viewed with a Leica DMRA2 fluorescence microscope equipped with 100Â/1.35 and 63Â/1.32 oil immersion objectives using fluorescein isothiocyanate (FITC; excitation 460-500 nm, emission 512-545 nm) and Cy3 (excitation 510-560 nm, emission 572-647 nm) filter sets. The fluorescence collected through the Cy3 filter set was used to visualize chloroplast shape in expanding leaves. Stacks of optical sections were captured using VolumeScan software (Vaytek, Fairfield, IA, USA) and a Retiga 1350exi cooled CCD camera (Qimaging, Burnaby, BC, Canada), with the z-step set to 0.4 mm for mature leaf tissue and to 0.25 mm for young leaf tissue. The FITC and Cy3 image stacks were processed using ImageJ ver. 1.37v software (http://rsb.info.nih. gov/ij) by unsharp masking (mask weight 0.55, Gaussian radius 4 and 15 for FITC and Cy3, respectively), merged to RGB and then projected to achieve extended depth of focus (brightest point method). Assembly and annotation of figures and final adjustment of brightness and contrast were performed using Adobe Photoshop version 6.0.
Western blotting and immunoblotting
Western blot analysis of FtsZ levels in FtsZ mutants and wild-type controls was performed as previously described in Stokes et al. (2000) , with the following modifications in sample preparation. Leaves from 3-week-old plants were snap-frozen in liquid nitrogen, crushed with a mortar and pestle, and then suspended in 1.5Â plant extraction buffer [1.5Â plant extraction buffer is 90 mM Tris-HCl (pH 8.0), 3% SDS, 22.5% sucrose, protease inhibitors (5 mM "-amino-N-caproic acid and 1 mM benzamidine) and 100 mM dithiothreitol (DTT)]. The samples were then heated at 908C for 10 min and the insoluble debris was pelleted by centrifugation for 10 min at 16,000Âg at room temperature. The supernatant from each sample was loaded based on equal fresh weight on a 10% SDS-polyacrylamide gel for subsequent analysis.
RT-PCR analysis
Total RNA was isolated from 8-day-old shoots grown on MS plates under the same growth conditions as for soil-grown plants above. The shoots were snap-frozen in liquid nitrogen, ground in a mortar and pestle, and total RNA extracted using an RNeasy TM kit (Qiagen Inc., Valencia, CA, USA). Reverse transcription was performed on 5 mg of total RNA using SuperScript II TM (Invitrogen) according to the manufacturer's recommendations with oligo(dT) primers. AtFtsZ1-1 and AtFtsZ2-1 transcripts were amplified using the following primer pairs: 18,897 (5 0 -ATAAACACGGATTCGCAAGCTC-3 0 ) and 8,080 (5 0 -CCG ATCAATGGAGCCAAAGTTG-3 0 ); 9,137 (5 0 -TCGAAGAAGA ACTGTTCAGGCTC-3 0 ) and 9,179 (5 0 -GGTTATGCTTACTTG ACCGC-3 0 ) from 1.0 ml of final reverse transcription product in 22, 24 and 26 cycles. Actin-2 was amplified using the primer pair: ACT2-1 (5 0 -GGCTCCTCTTAACCCAAAGG-3 0 ) and ACT2-2 (5 0 -TTCTCGATGGAAGAGCTGGT-3 0 ) from 0.5 ml of final reverse transcription product in 22, 24 and 26 cycles. The band intensities from each of the mutant allele RT-PCRs were compared with the respective wild-type and actin controls.
Seed set analysis
The siliques from fully mature Arabidopsis plants were harvested, placed on a microscope slide using double-sided tape and gently opened to expose the developed seeds. The numbers of mature, abnormal and aborted seeds were counted and the percentage of mature seeds was calculated based on the sum of all the potential seeds. The difference in the percentage of seed set Mutations in FtsZ1 affect chloroplast divisionfrom 100% represents the percentage of seeds that were abnormal or aborted.
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